We present results from light scattering experiments on tetragonal FeS with the focus placed on lattice dynamics. We identify the Raman active A1g and B1g phonon modes, a second order scattering process involving two acoustic phonons, and contributions from potentially defect-induced scattering. The temperature dependence between 300 and 20 K of all observed phonon energies is governed by the lattice contraction. Below 20 K the phonon energies increase by 0.5-1 cm −1 thus indicating putative short range magnetic order. Along with the experiments we performed latticedynamical simulations and a symmetry analysis for the phonons and potential overtones and find good agreement with the experiments. In particular, we argue that the two-phonon excitation observed in a gap between the optical branches becomes observable due to significant electronphonon interaction.
I. INTRODUCTION
In the iron based superconductors (IBS) magnetic order, structure, nematicity and superconductivity are closely interrelated. Upon substituting atoms in the parent compounds the properties change in a way that the shape of the Fermi surface is generally believed to play a crucial role. Yet, the magnetic properties were found recently to be more complex and to depend also on the degree of correlation in the individual d orbitals contributing to the density of states close to the Fermi surface.
1-3
The influence of correlation effects seems to increase from the 122 systems such as BaFe 2 As 2 to the 11 chalcogenides FeTe, FeSe and FeS. 4, 5 Surprisingly, the properties of the 11 class members differ substantially although they are isostructural and isoelectronic 3, 6 : FeSe undergoes a structural transition at T s ∼ 90 K and displays electronic nematicity. 7 While long-range magnetic order cannot be observed down to the lowest temperatures 7-10 the thermodynamic properties and the Raman spectra strongly support the presence of shortranged magnetism. 11, 12 Below T c ∼ 9 K superconductivity is observed 13 in pristine FeSe. In mono-layer FeSe T c can reach values close to 100 K.
14,15
The replacement of Se by Te leads to slightly offstoichiometric Fe 1+y Te which exhibits a simultaneous magneto-structural transition near 67 K 16 but is not superconducting. 17, 18 Finally, FeS having a superconducting transition at T c ∼ 5 K 19 remains tetragonal down to the lowest temperatures. 20 It is still an open question whether tetragonal FeS hosts magnetic order. Obviously, the iron-chalcogenides are at the verge of various neighboring phases and very susceptible to small changes in the lattice and electronic structure. Yet direct access to the competing phases is still very difficult in FeTe and FeS because of the variation of the crystal quality across the families.
Here, we choose a slightly different approach and do not look directly at the electronic but rather at the lattice properties in FeS close to potential instabilities and use the Raman-active phonons as probes. We identify the A 1g and B 1g modes, a two-phonon scattering process and a fourth mode from either defect-induced scattering or second-order scattering as well. These results are in good agreement with numerical calculations. Furthermore the temperature dependence of all phononic modes supports the results reported in Refs. 21 and 22 where emerging short range magnetic order at approximately 20 K was reported.
II. EXPERIMENT
Single crystals of FeS were synthesized as described elsewhere. 23 Before the experiment the samples were cleaved in air. Calibrated customized Raman scattering equipment was used for the experiment. The samples were attached to the cold finger of a He-flow cryostat having a vacuum of approximately 5 · 10 −5 Pa. For excitation we used a diode-pumped solid state laser emitting at 575 nm (Coherent GENESIS). Polarization and power of the incoming light were adjusted in a way that the light inside the sample had the proper polarization state and, respectively, a power of typically P a = 3 mW independent of polarization. The samples were mounted as shown in the inset of Figure 1 . The crystallographic axes are a and b with |a| = |b|. The c-axis is parallel to the optical axis. a and b are rotated by 45
• w.r.t. a and b. The laser beam reached the sample at an angle of incidence of 66
• and was focussed to a spot of approximately 50 µm diameter. The plane of incidence is the bc plane. By choosing proper in-plane polarizations of the incident and scattered light the four symmetry channels A 1g , A 2g , B 1g , and B 2g of the D 4h space group can be accessed. Additionally, for the large angle of incidence, exciting photons being polarized along the b-axis have a finite c-axis projection, and the E g symmetry can also be accessed. For the symmetry assignment we use the 2 Fe unit cell (crystallographic unit cell).
The observed phonon lines were analyzed quantitatively. Since the phonon lines are symmetric and Γ L (T ) ω(T ) the intrinsic line shape can be described by a Lorentz function with a central temperature dependent energy ω(T ) and a width Γ L (T ) (FWHM). The widths turn out to be comparable to the resolution σ of the spectrometer. Therefore, the Lorentzian needs to be convoluted with a Gaussian having width Γ G ≡ σ.
III. THEORY
The electronic structure and the phonon dispersion were calculated using density functional theory (DFT) and density functional perturbation theory (DFPT), respectively, 24 within the QUANTUM ESPRESSO package. 25 The calculations were performed with the experimental unit cell parameters a = 3.6735Å, c = 5.0328Å, and z = 0.2602, where z is the height of the sulfur atoms above the Fe plane in units of the c-axis. 26 We used the Vanderbilt ultrasoft pseudo potentials with the Becke-Lee-Yang-Parr (BLYP) exchange-correlation functional and s and p semi-core states included in the valence for iron. The electron-wave-function and density energy cutoffs were 70 Ry and 560 Ry, respectively, chosen to ensure stable convergence of the phonon modes. We used a Gaussian smearing of 0.01 Ry. The Brillouin zone was sampled with 16 × 16 × 16 MonkhorstPack k-space mesh. Our electronic structure and phonon calculations are in agreement with previously reported results.
27,28
The experimental positions of the S atoms entail a nonzero z component of the force of 6 × 10 −2 Ry/a B acting on them with a B the Bohr radius. However, the relaxation of the z positions of the S atoms would result in a large discrepancy between the calculated and experimental energies of the optical branches 28 whereas the phonon frequencies calculated from experimental structure parameters are in good agreement with the experiment (see Table II ). When using the measured lattice parameters, including atomic positions, some of the acoustic phonons are unstable and do not have a linear dispersion at small k. Upon relaxing the atomic positions the acoustic dispersion becomes linear, and the energies at the zone boundary decrease slightly. The energies of the optical branches, on the other hand, increase by some 10%. Having all this in mind, we choose to use the experimental lattice parameters stated above. In this sense our calculations should be understood as a compromise.
The phonon dispersion and the density of states were calculated on a 6 × 6 × 6 Monkhorst-Pack k-point mesh, and the dispersion is interpolated along the chosen line. The calculated phonon dispersions of the experimental and relaxed structures qualitatively coincide and display similar shapes and a gap. Discrepancies only appear in the absolute energies.
The selection rules for two-phonon processes were calculated using the modified group projector technique, (MGPT) 29 which avoids summing over an infinite set of space group elements. shown in Fig. 1 . Three peaks can be identified at 215, 265 and 305 cm −1 . The symmetric peak at 215 cm −1 shows up for aa, bb, and a b polarizations, but vanishes for ba polarization. Hence the excitation obeys B 1g selection rules and can be identified as the out-of-phase vibration of iron atoms along the c-axis. The strongest slightly asymmetric peak at 305 cm −1 obeys A 1g selection rules with contributions of order 5% in ba and a b polarizations from either leakage or defect-induced scattering. An asymmetric Fano-type line shape can be acquired by coupling a phonon to an electronic continuum. However, as shown in Fig. A2 in the Appendix, we find that the superposition of two symmetric, yet spectrally unresolved peaks gives a better agreement with the data than the description in terms of a Fano function. The stronger peak at 305 cm −1 has A 1g symmetry with some remaining leakage. We therefore identify this mode with the in-phase vibration of sulfur atoms along the c-axis. The second peak, labeled P2, appears in spectra with parallel light polarizations and vanishes in ba, but has some contribution in a b polarizations, suggesting mixed A 1g and B 1g symmetry. The third peak, labeled P1, is symmetric and appears only in spectra with parallel light polarizations and thus has pure A 1g symmetry.
B. Temperature dependence
For properly assigning all observed modes and for getting access to putative phase transitions we studied the temperature dependence. Figure 2 shows Raman spectra in bb-polarization at 8, 40, and 300 K. The three peaks shift to higher energies upon cooling. The fourth peak P2 can not be resolved in the raw data and can only be analyzed after a fitting procedure (see Appendix B). The peak energies ω(T ) and the (intrinsic) line widths Γ L (T ) were determined as described at the end of sec- tion II. All four modes show a monotonous increase in energy and decrease in line width upon cooling as shown in Fig. 3 . Below 20 K the increase in the energies accelerates. We first address this overall behavior and disregard the anomaly around 50 K for the moment.
The shift and narrowing of all modes can be explained in terms of lattice contraction using a constant Grüneisen parameter γ and anharmonic decay into other phonon modes, respectively. The change in the (Lorentzian) line 
The zero temperature limits Γ L,0 and ω 0 were obtained by extrapolating the respective experimental points of Γ L (T ) and ω(T ) in the range 20 ≤ T ≤ 50 K to T = 0 (Fig. 3 ). With the phonon-phonon coupling λ ph−ph being the only free parameter the temperature dependence of Γ L (T ) can be described as shown by red dashed lines in Fig. 3 . The phonon energy ω(T ) contains contributions from both the anharmonic decay and the lattice contraction, which depends essentially on the thermal occupation of the phonons, and can be written as
V (T ) and V 0 are the volumes of the unit cell at temperatures T and T → 0, respectively. The numbers for the calculations are taken from Ref. 20 . The second term describes the effect of phonon damping on the line position in the harmonic approximation. Using λ ph−ph from Eq. 1, the Grüneisen parameter γ is the only free parameter and is assumed to be constant. The temperature dependence ω(T ) resulting from the fits are plotted in Fig. 3 as solid red lines. The numerical values for parameters γ and λ ph−ph obtained from the T -dependent energy and line width are compiled in Table I .
Below 20 K and around 50 K anomalies are found in the experimental data: (i ) At 50 K the peak energies of all four modes deviate significantly from the otherwise smooth temperature dependence. The nearly discontinuous increase in energy could be reproduced for the A 1g phonon and peak P2 in multiple measurements. For the B 1g phonon and mode P1 the anomaly is not as clearly reproducible. The energy anomalies do not have a correspondence in the line width. As there is neither an abrupt change in the lattice constants 20 nor any other known phase transition close to 50 K the origin of this anomaly remains unexplained However, the anomaly at 20 K coincides with the emergence of short range magnetic order as inferred from two µSR studies. 21, 22 Susceptibility measurements on a sample from the same batch were inconclusive. On the other hand, the XRD data show a small anomaly in the lattice parameters, and the unit cell volume does not saturate at low temperature but rather decreases faster between 20 K and 10 K than above 20 K. 20 This volume contraction by and large reproduces the change in the phonon energies as can be seen by closely inspecting the lowtemperature parts of Fig. 3 (see also Fig. A4) . Hence, the indications of short-range magnetism in FeS found by µSR have a correspondence in the temperature dependence of the volume and the phonon energies.
Clear phonon anomalies were observed at the onset of the spin density wave (SDW) phases in 122 systems [32] [33] [34] and of the more localized magnetic phase in FeTe 35 whereas continuous temperature dependence of the phonons was found in systems without long-range magnetism. 36, 37 Upon entering the SDW state in the 122 systems the A 1g (As) mode softens abruptly and narrows by a factor of three whereas the B 1g (Fe) mode stays pinned and narrows only slightly. 32 The strong coupling of the As mode to magnetism was traced back to the interaction of the Fe magnetic moment with the Fe-As tetrahedra angle 38 which goes along with a change of the c-axis parameter. In Fe 1+y Te the roles of the B 1g and A 1g modes are interchanged. 35, 39, 40 In contrast, all four modes observed here in FeS harden below T * ≈ 20 K being indicative of a type of magnetic ordering apparently different from that in the other Fe-based systems.
Very recently commensurate magnetic order with a wave vector of q = (0.25,0.25,0) was found in FeS below T N = 116 K using neutron powder diffraction. 41 In the Raman spectra no anomalies can be seen around 120 K even if the range is studied with fine temperature increments of 10 K as shown in Appendix C. However, a small change in the temperature dependence of the c-axis parameter is observed around 100 K by XRD 20 which could be related to this type of magnetic order. Since the influence on the volume is small there is no detectable impact on the phonons.
C. Analysis of the modes P1 and P2
Based on the energies, the selection rules, and the temperature dependence we first clarify the phononic nature of the two lines P1 and P2 which cannot as straightforwardly be identified as lattice vibrations as the inphase sulfur and out-of-phase iron vibrations at 305.3 and 215.8 cm −1 . Second we derive their origin from the phonon density of states (PDOS) calculated for the zerotemperature limit.
All experimental energies for T → 0 were derived from the points at low temperature as described in subsection IV B (see also Fig. 3) . The results for the modes at the Γ point are summarized in Table II and can be directly compared to the results of the calculations. The discrepancies between the experimental and theoretical energies for the Raman-active phonons are smaller than 4%. The price for this accuracy in the optical energies is an instability and possibly too high energies in the acoustical branches at small and, respectively, large momentum (see section III).
The unidentified peaks P1 and P2 appear in the spectra measured with aa polarization, where none of the electric fields has a projection on the c-axis. Thus they cannot have E g symmetry obeying ca and cb selection rules. In addition, the observed energies would be relatively far off of the calculated energies (see Table II ). Both peaks exhibit temperature dependencies similar to those of the two Raman-active phonons, and the Grüneisen parameters are close to the typical value 42 of 2 and similar to those of the Raman-active phonons. The phonon-phonon coupling parameters λ ph−ph derived from the temperature dependence of the line widths are close to 0.3 similar to that of the B 1g phonon. λ ph−ph of the A 1g phonon is roughly six times bigger for reasons we address later. Yet, because of the small prefactor Γ L,0 / √ 2ω 0 2 = O(10 −3 ) the contribution of phononphonon coupling to the temperature dependence of ω(T ) remains negligible in all cases, and the phonon energies are essentially governed by the lattice contraction. These considerations demonstrate the phononic origin of the peaks P1 and P2.
In the second step we try to identify the phonon branches which P1 and P2 can be related to. To this end the full phonon dispersion and density of states (PDOS) were derived as described in section III and are plotted in Fig. 4 . Independent of using the relaxed or experimental structure, P1 is located in the gap of the (theoretical) PDOS and cannot result from first order defect-induced Raman scattering. What alternatives exist for explaining P1? If we exclude exotic explanations such as a collective mode for the reasons given above the energy of ω P1 = 265 cm −1 can only be obtained by the sum of two phonon modes having equal energy ω P1 /2 and momenta k and -k (for maintaining the q ≈ 0 selection rule). As shown for various transition metal compounds including TiN, ZrN or NbC second-order phonon Raman scattering can occur in the presence of defects.
44 Then first-order scattering being proportional to the PDOS (modulo energy and symmetry dependent weighting factors) is expected to be also substantial if not stronger. Although our crystals are slightly disordered there is no indication of substantial intensity at energies with high PDOS as can be seen by directly comparing Figs. 1 and 4 (b) . Alternatively, second-order scattering can originate in enhanced electron-phonon coupling. 45 In either case the en-ergies of two phonons add up as they get excited in a single scattering process. Generally, no selection rules apply for second order Raman scattering and the resulting peak would appear in all symmetry channels. 46 Exceptions exist if the phonon wave-vectors coincide with high-symmetry points or lines of the Brillouin zone.
From the phonon dispersion alone several phonon branches having k and -k and energies in the range around ω P1 /2 could add up to yield 265 cm −1 [see Fig. 4 ]. However, as explained in Appendix F and shown in Table AI for the space group P4/nmm of t-FeS, the A 1g selection rules of P1 exclude all non-symmetric combinations of branches (right column of Table AI) . On the other hand, all symmetric combinations include A 1g selection rules for the two-phonon peak (left column of Table AI), and one has to look essentially for a high PDOS in the range ω P1 /2. As shown in Fig. 4 (b) the PDOS has a maximum in the right energy range. Since the maximum results from momenta away from the highsymmetry points or lines (see Fig. 4 ) which alone lead to pure A 1g symmetry one expects also intensity in B 1g and E g symmetry as opposed to the experiment. For exclusive A 1g selection rules only seven possibilities exist. Since phase space arguments favor modes having a flat dispersion in extended regions of the Brillouin zone the Γ, M and/or A points are unlikely to give rise to P1, and only the lines S = A − Z, Σ = Γ − M , and V = A − M remain. The dispersion along the S or Σ branch contributes very little to the PDOS. On the high-symmetry line V a doubly degenerate branch would have a flat dispersion [see Fig. 4 (b) ] and contribute substantially to the PDOS but the energy of 150 cm −1 differs by 13% from the expected energy of 132.5 cm −1 . Instead of arguing about the accuracy of the theoretical phonon energies (see section III) we looked at the dispersion close to but not strictly on V where the contribution to B 1g and E g symmetries is expected to be still very small, e.g. along M − A [ Fig. 4(b) ]. A detailed inspection shows that the maximum of the PDOS between 130 and 140 cm −1 comes from there. This explains both the selection rules and the energy of P1 to within a few percent.
Peak P2 cannot be explained in terms of one of the two E g phonons either. As opposed to P1 it is not inside the gap of the PDOS and thus can originate from either first or second order scattering. If P2 originates in second order scattering in the same fashion as P1 there are five possibilities yielding A 1g +B 1g but not E g selection rules. As explained in the last paragraph only the branches ∆ = Γ − X and U = Z − R may contribute. For the low PDOS there we consider also first order defect-induced scattering for P2 to originate from. In fact, the PDOS possesses its strongest maximum 5 cm −1 below the (theoretical) A 1g phonon exactly where P2 is found. In spite of the very high PDOS here, the peak is weak explaining the negligible contributions from first order defect-induced scattering at lower energies. The high PDOS between 300 and 325 cm −1 may also be an alternative yet less likely explanation for the weak contributions in crossed polarizations in the energy range of the A 1g phonon (Fig. 1) .
Finally, we wish to clarify whether the large phononphonon coupling λ A1g ph−ph found for the A 1g Raman-active mode (see Table I ) is related to the appearance of P1. Due to the close proximity of the energies the A 1g mode apparently decays into states close to those adding up to yield P1. The decay is less restricted by symmetry leaving more options. For both processes the phononphonon coupling has to be substantial with the order of magnitude given by λ A1g ph−ph ≈ 1.7. Phonon-phonon coupling is present in any type of material because of the anharmonic potential. Defects enhance this effect 44 . Since FeS is a metal the phonon-phonon coupling goes at least partially through electronic states and may be indicative of enhanced electron-phonon coupling, λ el−ph , as described, e.g., in Ref. 45 . The related contribution to λ ph−ph is then expected to be proportional to λ 2 el−ph . This conclusion is compatible with early results on the branch-dependent electron-phonon coupling in LaFeAsOF where the strongest effects are reported for some Γ-point modes and the acoustic branches with intermediate to large momenta.
47 λ
A1g
ph−ph > 1 and the twophonon peak P1 indicate that the electron-phonon coupling is possibly larger than in the other Fe-based systems and reaches values up to unity. In BaFe 2 As 2 , as an example from the pnictide family, λ 2 el−ph ≈ 1 . . . 4 × 10 −2 < λ ph−ph ≈ 0.1 is reported 32, 48, 49 . On the other hand, one finds λ 2 el−ph ≈ 0.4 < λ ph−ph ≈ 0.9 for the E g phonon in MgB 2 , being generally believed to be a conventional superconductor 50, 51 . Thus, one may speculate whether λ el−ph might be even large enough in FeS to account for a T c in the 5 K range.
V. CONCLUSION
We have studied and identified phonons in tetragonal FeS by Raman scattering. For the A 1g sulfur and B 1g iron mode the DFT and DFPT calculations agree to within a few percent with the experiment. A third observed peak within a gap in the theoretical phonon density of states can be identified as a second order scattering process involving two phonons. Both the selection rules, based on the modified group projector technique, and the energy are in agreement with experiment. A fourth mode identified close to the A 1g sulfur can be traced back to the biggest maximum of the PDOS and is most likely activated by a small amount of defects.
The temperature dependence of all four modes is governed by the contraction of the lattice, but shows anomalies at 50 K and below 20 K. The anomaly observed at 20 K has a correspondence in the thermal expansion 20 and µSR experiments 21, 22 which indicate short-range magnetic order. The long-range magnetic order observed recently by neutron diffraction experiments 41 below T N =116 K has no correspondence in the Raman spec-tra.
The appearance of two-phonon scattering indicates strong phonon-phonon scattering which is likely to originate from an electron-phonon interaction being enhanced in comparison to other pnictides and chalcogenides. We argue that in FeS the T c can in principle entirely result from electron-phonon interaction.
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Appendix B: Decomposition of the line at 305 cm
The peak at 305 cm −1 at low temperatures shows a significant asymmetry towards lower energies (see also Fig. 1) . Coupling of the A 1g phonon mode to an electronic continuum by strong electron-phonon coupling would result in a line shape given by the convolution of a Fano function and a Gaussian, the latter representing the resolution of the spectrometer. We find, however, that this does not yield a satisfactory description of the measured line shape as can be seen from the red curve in Fig. A2 , and thus conclude that the asymmetry of the peak stems from the overlap of two peaks which cannot be resolved separately. The corresponding line shape is the sum of two Lorentzians each convoluted with a Gaussian which governs the resolution of the setup. Due to the distributivity of the convolution this is identical to the sum of two Voigt functions sharing the same width Γ G of the Gaussian part. The overall spectral shape is shown in Fig. A2 as orange line and agrees excellently with the data. The two contributing lines are shown in blue and green. From the selection rules (see Fig. 1 ) we identify the blue curve as the in-phase vibration of sulfur atoms in A 1g symmetry. The green line denotes a second mode P2, the origin of which is discussed in the main text.
Appendix C: Detailed temperature dependence for 80 ≤ T ≤ 300 K Fig. A3 shows the temperature dependence of the energies ω and line widths Γ(T ) (FWHM) from 80 K to 300 K measured in temperature increments of 10 K. Raman scattering measurements were performed using a Jobin Yvon T64000 Raman system in micro-Raman configuration. A solid state laser with 532 nm line was used as an excitation source. Measurements were performed in high vacuum (10 −6 mbar) using a KONTI CryoVac continuous Helium flow cryostat with 0.5 mm thick window. Laser beam focusing was accomplished using a microscope objective with ×50 magnification. The samples were cleaved right before being placed in the vacuum. As can be seen from Fig. A3 , there is no deviation from the standard temperature behavior around 120 K. T e m p e r a t u r e ( K ) Appendix E: Second sample batch Fig. A5 shows Raman spectra on a t-FeS sample from a different batch (E256) taken at T =310 K. The sample was oriented the same way as described in the main text. All three modes are visible for parallel light polarizations (bb), but vanish for crossed polarizations (ba), confirming the selection rules observed in the sample described in the main text. The inset shows magnetization measurements on a sample from batch E256 similar to the ones described in Appendix A. The superconducting transition sets in at 4.1 K. In the multi-phonon scattering process the system goes from an initial vibrational state (ground vibrational state) |0, 0, . . . to a final multi-phonon state |n µ , n µ , . . . , where n µ is the number of phonons in the same state µ, and µ stands for the entire set of quantum numbers (quasi-momentum k, angular momentum quantum number m, etc.). For two-phonon processes the final vibrational state is the state with two phonons in the same quantum state (double-phonon or the first overtone state), or with two phonons in different states (combination state). The corresponding matrix element for twophonon Raman scattering is: 0, . . . , n µ , 0, . . . |R|0, 0, . . . , n µ = 2, overtones, 0, . . . , n µ , 0, . . . , n µ , . . . |R|0, 0, . . . , n µ = n µ = 1, combinations,
where R is the Raman tensor. This matrix element should be a scalar, or should transform as unit representation of the system space group S. The standard approximation for the Raman tensor in infinite wavelengthlight approximation for the non-resonant case is the polarizability tensor, which transforms as (symmetrized) square of the vector representation, D R (S). Decomposition of D R (S) gives irreducible representations of the Raman active modes.
The ground vibrational state transforms as unit representation, whereas the final two-phonon state transforms as symmetrized square, for any irreducible representation could be a difficult task because space groups are infinite. In the standard method based on character theory summation over all group elements is used, and it is a problem in the infinite case. Therefore it is necessary to apply a method which avoids summation over group elements. As is proven in Ref. 29 
Here S is the number of group generators, F (X) is the projector on the subspace of the fixed points of the operator X, and Tr is the matrix trace (sum of the diagonal matrix elements). Consequently, the problem is reduced to calculation of the S + 1 projector to the fixed points. Technically, one looks for the eigenspaces for the eigenvalue 1 of each of the operators D(s i ) ⊗ D (µ) * (s i ), finding projectors on them, then multiplies the corresponding projectors, and repeats the procedure for the whole product from Equation F3. The trace of the final projector gives the corresponding frequency number.
